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Symbols and notations 
 
AC cross section area of core 
AF cross section area of face sheet 
B width of panel 
BS flexural rigidity of panel 
B/n distance between connections at transverse edge 
D thickness of panel, for panels with flat or lightly profiled faces also distance between 
centroids of faces 
EC elastic modulus of core material 
EF elastic modulus of face sheets 
EIF bending stiffness of face sheet 
GA shear rigidity of panel 
GC shear modulus of the core 
L length of panel 
L/n distance between connections at longitudinal edge 
M bending moment 
MN end moment due to eccentric axial load 
N normal force, axial load 
Ncr elastic buckling load of a sandwich panel 
Q variable load 
V transverse force 
 
e distance between centroids of faces 
e0 initial deflection 
e* distance between centroidal axis and face, loaded by axial fore (eccentricity) 
fCv shear strength of the core 
tF thickness of face sheet 
g self-weight load 
qe0 equivalent load (initial deflection) 
qWT equivalent load (temperature difference) 
k relationship between deflection due to shear and deflection due to bending, stiff-
ness of a connection [kN/mm] 
kC stiffness of a connection [N/mm] 
kv stiffness of a fastening [kN/mm] 
kJ stiffness of connections of joints [kN/mm2] 
kW stiffness of connections between wall and foundation [kN/mm2] 
kWt stiffness of connections between wall and roof (transverse edge) [kN/mm2] 
kWl stiffness of connections between wall and roof (longitudinal edge) [kN/mm2] 
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w deflection, wind load 
wb deflection due to bending 
wv deflection due to transverse force 
 
α amplification factor, imperfection factor 
αF thermal expansion coefficient of faces 
γF load factor 
γM material safety factor 
σcr,c elastic buckling load (crippling) 
σcr,w elastic buckling load (wrinkling) 
σc crippling stress 
σF normal stress in the face sheet 
σw wrinkling stress 
λc slenderness of face (crippling) 
λw slenderness of face (wrinkling) 
Χc reduction factor (crippling) 
Χw reduction factor (wrinkling) 
τC shear stress in the core 
φSt sandwich creep coefficient 
φt creep coefficient 
Ψ combination coefficient 
 
MI, VI, wI moment, transverse force, deflection calculated by 1st Order Theory 
MII, VII, wII moment, transverse force, deflection calculated by 2nd Order Theory 
 
Subscripts 
G self-weight load, permanent load 
Q variable load 
S snow load 
W wind load 
T temperature load 
d design 
k characteristic  
st short-term 
lt long-term 
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1 Introduction 
Sandwich panels are traditionally used as covering and isolating components, thus being sec-
ondary structural components of the building. The sandwich panels are mounted on a sub-
structure and they transfer transverse loads as wind and snow to the substructure. The panels 
are subjected to bending moments and transverse forces only. A new application is to apply 
sandwich panels with flat or lightly profiled faces in smaller buildings – such as cooling cham-
bers, climatic chambers and clean rooms – without any load transferring substructure (Fig. 
1.1). 
 
 
 
Fig. 1.1: Buildings made of sandwich panels but without substructure 
 
In this new type of application in addition to space enclosure, the sandwich panels have to 
transfer loads and to stabilise the building. The wall panels have to transfer normal forces aris-
ing from the superimposed load from overlying roof or ceiling panels. So the wall panels have 
to be designed for axial loads or a combination of axial and transverse loads. Furthermore 
horizontal wind loads have to be transferred to the foundation and the building has to be stabi-
lised. Because of the lack of a substructure the sandwich panels also have to transfer the hori-
zontal loads. For this purpose the high in-plane shear stiffness and capacity of the sandwich 
panels is used. 
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Within the framework of work package 3 of the EASIE project, design methods for frameless 
structures made of sandwich panels have been developed. The investigations are docu-
mented in Deliverable D3.3 [2], [3], [4]. In the guideline at hand calculation procedures and 
design methods, which can be used for the design of frameless structures, are introduced. 
Calculation examples are given in Deliverable D3.5 [5]. 
2 Frameless buildings 
Frameless buildings are made of sandwich panels only; they do not have a load-bearing sub-
structure. The buildings consist of vertically spanning wall panels and roof panels, which are 
supported by the wall panels. 
 
 
Fig. 2.1: Frameless building 
 
At the connection between wall and roof normal forces as well as in-plane shear forces are 
introduced from the roof into rectangular adjacent wall panels. Normal forces are usually intro-
duced by contact, whereas in-plane shear forces are introduced through mechanical fasteners. 
Wall and roof panels are connected by steel or aluminium angles, which are mechanically fas-
tened to the face sheets of the panels (Fig. 2.2). For these fastenings usually self-drilling 
screws or blind rivets are used. To get a sufficiently stiff and strong connection it is recom-
mended to connect both face sheets. Furthermore the angles should be comparatively stiff, i.e. 
they should be made of relatively thick sheets. 
 
wall panel
roof panel
direction of span 
of roof panels
support of roof 
panel by wall panel
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Fig. 2.2: Possible versions of connections between wall and roof 
 
There are also some manufacturer-specific details available. E.g. wall and roof are connected 
by PVC-angles injected with polyurethane, with a came-lock system. In the guideline at hand 
only the standard solutions are considered. 
The wall panels are either directly fixed to the foundation or they are connected to an addi-
tional panel, which builds the ground floor of the building. In this case the connection is very 
similar to the connection between wall and roof. The panels are fixed to comparatively stiff 
profiles by mechanical fasteners. Also for these connections fixing of both face sheets is rec-
ommended. In Fig. 2.3 some possible versions of the connection between wall and foundation 
are shown. 
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Fig. 2.3: Possible versions of connections between wall and foundation 
 
A connection of the longitudinal joints of wall panels is not necessary, but it increases the stiff-
ness and load-bearing capacity. Connecting the joints of roof panels, however, is mandatory. 
Transfer of horizontal loads via the roof is not possible, if the joints are not connected. To con-
nect the joints mechanical fasteners as self-drilling screws or blind rivets can be used. To get 
strong and stiff joints both face sheets should be connected. It is possible to use one screw, 
which passes through the whole thickness of the panel or to use a pair of screws or blind riv-
ets, one mounted from the internal and one from the external side. 
 
 
Fig. 2.4: Connections of longitudinal joints 
 
self-drilling screw blind rivet or self-
drilling screw
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The connections between wall panels at the corners of a building are not necessary for load 
transfer. They mainly contribute to the water tightness of the building. 
3 Load bearing behaviour of sandwich panels 
3.1 Transverse and axial load 
3.1.1 General 
In sandwich panels with flat or lightly profiled faces, bending moments and axial forces are 
transferred by normal stresses in the face sheets. A normal force is distributed to both face 
sheets in relation to the thickness of the faces. 
 
 
Fig. 3.1: Load bearing behaviour of panels subjected to an axial force 
 
The normal forces acting on the face sheets are 
21
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with 
FF tBA ⋅=  cross sectional area of a face sheet 
tF  thickness of a face sheet 
B  width of panel 
 
From the normal force the following normal stress results in the face sheets. 
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A bending moment M is transferred by a force couple in both face sheets. 
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Fig. 3.2: Load bearing behaviour of panels subjected a bending moment 
 
The stress in the face sheets of a sandwich panel loaded by a bending moment M is 
F
F Ae
M
⋅
=σ  (3.4) 
with 
e distance between centroids of the faces (for panels with flat or lightly profiled faces 
equal to thickness D of the panel) 
 
The load bearing capacity of a sandwich panel subjected to bending moments and axial forces 
is mostly restricted by reaching the ultimate stress in the compressed face sheet (Fig. 3.3). 
Failure by yielding of the face sheet subjected to tension occurs very rarely. The face sheet 
represents a plate which is elastically supported by the core material. The stability failure of 
the compressed face sheet is termed wrinkling; the ultimate compression stress is termed 
wrinkling stress σw. Usually the wrinkling stress of a panel is determined by bending tests ac-
cording to EN 14509 [6]. 
 
 
Fig. 3.3: Wrinkling of the compressed face sheet 
 
The withstanding of transverse forces V is done by shear stresses in the core of the panel. 
 
e
M
M/e
M/e
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Fig. 3.4: Load bearing behaviour of panels subjected to a transverse force 
 
The shear stress in the core is calculated by 
C
C A
V
=τ  (3.5) 
with 
eBAC ⋅=  cross sectional area of the core 
 
When reaching the shear strength fCv of the core material shear failure occurs (Fig. 3.5). Also 
the shear strength of the core material is determined by testing according to EN 14509. 
 
 
Fig. 3.5: Shear failure of the core 
 
Because of the relatively soft core layer for sandwich panels deflections caused by transverse 
forces have to be considered. So the deflection of a sandwich panel consists of the bending 
part wb and the shear part wv. 
∫∫
⋅
+
⋅
=+=
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B
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S
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bending stiffness: 
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shear stiffness: 
CC AGGA ⋅=  (3.8) 
EF elastic modulus of the face sheets 
GC shear modulus of the core 
 
3.1.2 Long-term behaviour 
Both, organic core materials, such as polyurethane or expanded polystyrene, and mineral wool 
show creep effects under long-term loads, e.g. dead-weight load and snow. If a constant load 
acts on a panel over a long period of time, the shear strain γ increases with constant shear 
stress. The shear deformation of the core material and thus the shear part wv of the deflection 
increase. For sandwich panels the time-dependent shear strain γ(t) is usually described by a 
creep function φ(t). 
( ))(1)0()( tt ϕγγ +⋅=  (3.9) 
Therefore the time-dependent deflection of a sandwich panel with constant transverse loading 
is 
( ))(1)( t
GA
dxVV
B
dxMMtw
S
ϕ+⋅⋅+⋅= ∫∫  (3.10) 
 
For design purposes not the complete creep-function must be known. Usually only two creep 
coefficients φt are used. The creep coefficient φ2000 (at time t = 2000 h) is used to consider 
snow loads; the creep coefficient φ100.000 (at time t = 100.000 h) is used to consider permanent 
loads (self- weight). 
The creep coefficients are determined by long-term tests according to EN 14509. In (bending-) 
creep tests on panels subjected to a constant transverse dead load the deflection of the panel 
is measured for a period of 1000 hours and the creep function φ(t) is recalculated. Based on 
the experimentally determined creep function, the creep coefficients φ2000 and φ100.000 are de-
termined by extrapolation. According to EN 14509 the creep coefficient φ2000 determined in the 
test has to be increased by 20%. So it is taken into account that a part of the creep deforma-
tion caused by snow loads during winter time is not recovered during summer time. 
 
For transverse loaded single-span sandwich panels creeping of the core material results in an 
increase of deflections only, whereas bending moment and transverse force are not influ-
enced. If a panel is additionally loaded by an axial load, an increase of deflection causes also 
an increase of bending moment and transverse force. Therefore, creep effects have not only 
to be considered in the design of serviceability limit state (deformation limit) but also in the 
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design of ultimate limit state (load-bearing capacity), i.e. creeping must be taken into account 
for the determination of moment and transverse force. 
 
 
Fig. 3.6: Creeping of axially loaded panels 
 
3.1.3 Effects of 2nd order theory 
If (slender) building components are loaded by axial compression loads, effects of 2nd order 
theory have to be taken into account, i.e. deformations are considered in determination of 
bending moment and transverse force. If stress resultants are determined according to 1st or-
der theory deformations are neglected. So if effects of 2nd order theory are considered, also 
geometrical imperfections such as initial deflections must be taken into account. Furthermore 
deflections, which are caused by temperature differences between inside and outside, cause 
additional bending moments and transverse forces. 
Because of effects of 2nd order theory stresses do not increase proportionally to the axial load. 
Due to the axial force an increase of deflection also results in an increase of moment and 
transverse force.  
 
N
oo wNM ⋅=tt wNM ∆⋅=∆
owtw∆
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Fig. 3.7: 2nd order effects for a panel with initial deflection and axial load 
 
The increase of the stress resultants bending moment M and transverse force V as well as the 
amplification of the deflection w can approximately be considered by the amplification factor α. 
III MM ⋅= α  (3.11) 
III VV ⋅= α  (3.12) 
III ww ⋅= α  (3.13) 
III NN =  (3.14) 
crN
N
−
=
1
1α  
(3.15) 
with 
MI, VI, wI moment, transverse force and deflection according to 1st order theory 
MII, VII, wII moment, transverse force and deflection according to 2nd order theory 
 
For determination of the amplification factor the elastic buckling load Ncr of the sandwich panel 
has to be determined. The elastic buckling load of a sandwich panel loaded by a centric axial 
load consists of the part Nki considering the bending rigidity of the face sheets and the part GA 
considering the shear rigidity of the core. The part Nki corresponds to the elastic buckling load 
of both face sheets. 
N
e0 MI = N∙e0
wII=α∙e0 MII = α∙MI
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GA
N
NN
ki
ki
cr
+
=
1
 
(3.16) 
with 
elastic buckling load due to bending rigidity 
2
2
L
B
N Ski
⋅
=
π
 (3.17) 
elastic buckling load due to shear rigidity 
CC AGGA ⋅=  (3.18) 
 
3.2 Area of load application of axially loaded panels 
Axial forces may not only cause wrinkling failure in mid-span, but also a local failure at the load 
application area, where the normal force is introduced into the panel, e.g. at the connection 
between wall and roof or between wall and foundation. For the common load application de-
tails (cf. Fig. 2.3) the axial force is introduced into the face of the wall panel by contact. The 
failure mode of the load application area is usually crippling of the face at the loaded cut edge 
(Fig. 3.8). This stability failure mode is strongly related to crippling of the compressed face in 
mid-span. The ultimate stress of the compressed face sheet at the free edge is termed as 
crippling stress σc. 
 
 
Fig. 3.8: Crippling of the face at load application area 
 
3.3 In-plane shear load 
Sandwich panels have a very high stiffness and load bearing capacity, when loaded by in-
plane shear forces. Both, stiffness and load bearing capacity are very much higher than the 
corresponding values of the fastenings. So if sandwich panels are designed for in-plane shear 
loads the shear deformation of the panels can be neglected. Only the flexibility of the fasten-
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ings has to be considered. Also for the load-bearing capacity only the fastenings are decisive. 
Thus, if a sandwich panel is loaded by in-plane shear loads, the fastenings have to be de-
signed for this load. 
4 Loads on frameless structures 
4.1 Characteristic loads 
Self-weight (G) and snow (S) loads 
Roof panels are loaded by self-weight and snow loads. Snow loads can be determined accord-
ing to EN 1991-1-3 [11] and the related national annex or according to national standards. 
 
 
Fig. 4.1: Self-weight and snow loads 
 
Wind loads (W) 
Roof as well as wall panels are loaded by wind loads. They wind load is applied to the panels 
as transverse load. Horizontal wind loads are transferred from the directly loaded walls into the 
roof, where they cause in-plane shear forces. From the roof they are transferred to the walls. 
In these walls also in-plane shear forces occur. Finally they are introduced into the foundation. 
The characteristic wind loads can be determined according to EN 1991-1-4 [12] and the re-
lated national annex or according to national standards. 
 
self-weight and snow load
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Fig. 4.2: Wind loads 
 
Temperature differences between inside and outside 
Temperature differences between inside and outside cause deflections as well in wall as in 
roof panels. For a single span panel the deflection caused by a temperature difference ΔT is 
e
L
Tw FT ⋅
⋅
⋅∆=
8
2α
 (4.1) 
with 
αF coefficient of thermal expansion of faces 
 
For single span panels in conventional applications, i.e. for panels without axial load, this de-
flection does not lead to additional stress resultants. But if a panel is also loaded by an axial 
force a deflection causes additional bending moments and transverse forces. 
 
 
Fig. 4.3: Temperature differences 
 
 
 
wind load
20°C
80°C
deflecion wT due to 
temperature difference
80°C80°C
wT
wT
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Note: 
If multi-span panels are subjected to temperature differences, moments and transverse forces 
occur, even if there are not any axial forces. In EN 14509 calculation formulae are given for 
these cases. 
 
Geometrical imperfections 
If building components are axially loaded also geometrical imperfections have to be consid-
ered when calculating moments and transverse forces. As geometrical imperfection an initial 
deflection e0 is applied. The range of this imperfection can be selected according to the maxi-
mum allowable longitudinal bowing following EN 14509. 
mmLe 10
500
1
0 ≤⋅=  (4.2) 
Together with the axial force the initial deflection causes bending moments and transverse 
forces. 
 
 
Fig. 4.4: Initial deflection of wall panels 
 
4.2 Design loads 
Design loads are determined by multiplying the characteristic load by the corresponding load 
factor γF and by the corresponding combination coefficient Ψ. They are given in EN 1990 [9] or 
national standarts. Load factors and combination coefficients for the design of sandwich pan-
els are also given in EN 14509. A summary of the design loads is given in the following table. 
 
 permanent action (self-weight) Gd 
dominant variable ac-
tion Qd1 
other variable actions 
Qdi 
ultimate limit state kG G⋅γ  11 kQ Q⋅γ  kiiQi Q⋅⋅ 0ψγ  
serviceability limit state 
(displacements) kG  111 kQ⋅ψ  kiii Q⋅⋅ 10 ψψ  
Tab. 4.1: Design loads according to EN 14509, table E.4 and E.5 
e0 initial defelction e0
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The loads factors γF are also given in EN 14509. They have to be used if there are not any 
values available in national standards. 
 
 ultimate limit state 
serviceability limit state  
(displacements) 
permanent action G 1,35 (1,00) 1,00 
variable action 1,50 1,00 
temperature actions ΔT 1,50 1,00 
creep effects 1,00 1,00 
Tab. 4.2: Load factors according to EN 14509, table E.8 
 
Also combination coefficients Ψ are given in EN 14509. As an alternative the combination co-
efficients according to EN 1990 or according to national standards may be used. 
 
 snow wind temperature 
Ψ0 0,6 0,6 0,6 / 1,0a) 
Ψ1 0,75 / 1,0b) 0,75 / 1,0b) 1,0 
a)  Ψ0 = 1,0 is used if the winter temperature T1 = 0°C is combined with snow 
b)  Ψ1 = 0,75 for snow and wind is used if the combination includes the action effects of two or more 
variable actions and coefficient ψ1 = 1,0 for snow and wind is used if there is, in the combination, only a 
single action effect representing the variable actions and it is caused by either the sole snow load or 
the sole wind load, acting alone. 
Tab. 4.3: Combination coefficients according to EN 14509, table E.6 
 
5 Resistance values 
5.1 Sandwich panels 
The characteristic resistance values and some additional calculation requirements are usually 
given on the CE-mark of the sandwich panels. For design of the panels, which are considered 
in the report at hand, the following resistance values and additional calculation requirements 
are needed. 
• Wrinkling stress of a compressed face sheet σw 
• Yield strength of face sheet fy 
• Shear strength of core fCv 
• Shear strength after long-term loading fCv,t 
• Design thickness of the faces tF 
• Shear modulus of the core material GC 
• Elastic modulus of the core material EC 
• Creep coefficients φ2000 for t = 2000 h (snow) and φ100.000 t = 100000 h (permanent 
load) 
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• Crippling stress at load application area σc (cf. section 8.3) 
 
The design resistance values are determined by dividing the characteristic values by an ap-
propriate material factor γM. 
Wrinkling stress of compressed face sheet: 
M
kw
dw γ
σ
σ ,, =  (5.1) 
Yielding strength of a face sheet: 
M
ky
dy
f
f
γ
,
, =  (5.2) 
Shear strength of core: 
M
kCv
dCv
f
f
γ
,
, =  (5.3) 
Shear strength after long-term loading 
M
ktCv
dtCv
f
f
γ
,,
,, =  (5.4) 
Crippling stress at load application area: 
M
kc
dc γ
σ
σ ,, =  (5.5) 
 
For sandwich panels the material factors γM represent the variability of the mechanical proper-
ties of the panel. They are determined by the results of initial type testing and factory produc-
tion control. 
 
5.2 Fastenings 
In addition to the panels the fastenings have to be designed. Usually the load-bearing capacity 
of the fastenings is determined by testing. The characteristic values are given in European 
technical approvals (ETA) or in national approvals. For some kinds of fastenings the character-
istic values can also be determined by calculation. E.g. the characteristic values of fastenings 
of metal sheeting can be calculated according to EN 1993-1-3 [13]. For direct fixings of sand-
wich panels calculation formulae are given in Deliverable D3.3 – part 3 [1]. 
The design value of the load-bearing capacity of a fastening is determined by dividing the 
characteristic value by the material factor γM. 
M
Rk
Rd
VV
γ
=  (5.6) 
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The material factor γM is given by national specifications. According to EN 1993-1-3 γM = 1,25, 
according to different approvals and EN 14509 γM = 1,33 has to be used. 
6 Design of roof panels 
6.1 Static system and loads 
The roof panels are supported by the wall panels. They introduce self-weight and snow loads 
as normal forces into the walls. At external walls the roof panels are usually supported only by 
the internal face of the wall panels. For design of the roof panels this support can be regarded 
as hinged. The hinged support is located at the internal face sheet of the wall panel. 
 
 
Fig. 6.1: Static system of roof panels 
 
If there are also internal walls, which support roof panels, the roof panels are multi-span 
beams. The interior walls also represent hinged supports. 
 
 
Fig. 6.2: Support of a roof panel by an interior wall 
 
The roof of a frameless building is loaded by self-weight, snow and wind loads. Also tempera-
ture differences between inside and outside may be available. As stress resultants there are 
bending moments and transverse forces. 
6.2 Design procedures 
6.2.1 Preliminary remark 
Roof panels are loaded by transverse loads only. As stress resultants bending moments and 
transverse forces act. So the conventional design procedures according to EN 14509 are suf-
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ficient to design roof panels of frameless structures. For self-weight and snow loads creeping 
of the core material has to be considered. 
In the following exemplarily the design formulae for single span panels are summarised. For-
mulae for two- and three-span panels can be found in EN 14509, Table E.10. 
6.2.2 Deflections 
According to EN 14509 the deflection of sandwich panels has to be limited. The deflection is 
calculated for serviceability loads (cf. section 4). 
The deflection of a single-span panel loaded by a uniform transverse load q is 
GA
Lq
B
Lqwww
S
vb
24
8
1
384
5 ⋅
⋅+
⋅
⋅=+=  (6.1) 
 
Also temperature differences ΔT between inside and outside cause a deflection 
8
2L
e
T
w FT ⋅
∆⋅
=∆
α
 (6.2) 
αF thermal expansion coefficient of faces 
 
Due to creep effects of the core material the shear part wv of the deflection increases for long-
term loads. The additional deflection caused by creep effects is determined by creep coeffi-
cients φt.  
( ) ( ) TvGbGvSbSt wwwwww ∆++++++= 000.100,,2000,, 11 ϕϕ  (6.3) 
wS deflection due to snow load (long-term load, t = 2000 h) 
wG deflection due to permanent load (long-term load, t = 100.000 h) 
wΔT deflection due to temperature difference 
φ2000 creep coefficient t = 2000 h 
φ100000 creep coefficient t = 100000 h 
 
Note: 
Temperature differences, which are caused by climatic effects, can be considered as short-
term loads [7]. E.g. in cooling rooms, where temperature differences are not caused by cli-
matic effects, they have to be considered as long-term loads.  
 
In EN 14509 for roofs and ceilings the following deflection limits are given. 
Short-term loading 
200
Lw ≤  (6.4) 
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Long-term loading (including creep effects) 
100
Lwt ≤  (6.5) 
 
Note: 
The short-term deflection is the initial deflection, i.e. the deflection at t=0; no creep effects are 
considered. It includes deflections due to short-term loads (e.g. wind) and also deflections due 
to long-term loads (e.g. snow and self-weight). The long-term deflection consists of the short-
term deflection and the additional deflection caused by creeping. 
6.3 Stresses in face sheets and core 
Also the stresses in the face sheets and in the core of a sandwich panels have to be limited. 
This is done for the ultimate limit state (cf. section 4). 
A bending moment M causes the following normal stresses in the face sheets. 
F
d
dF Ae
M
⋅
=,σ  (6.6) 
The stress in the compressed face is compared to the wrinkling stress. 
dwdF ,, σσ ≤  (6.7) 
The stress in the face subjected to tension is compared to the yield strength. 
dydF f ,, ≤σ  (6.8) 
 
A transverse force V causes shear stresses in the core. 
C
d
dC A
V
=,τ  (6.9) 
The shear stress is divided into two parts – the short-term shear stress τC,st is caused by short-
term loads and the long-term shear stress τC,lt by long-term loads (snow, self-weight). 
C
dst
dstC A
V ,
,, =τ  (6.10) 
C
dlt
dltC A
V ,
,, =τ
 
(6.11) 
Vst transverse force due to short-term loads 
Vlt transverse force due to long-term loads 
The shear stresses are compared to the shear strength of the core material. 
1
,,
,,
,
,, ≤+
dtCv
dltC
dCv
dstC
ff
ττ
 (6.12) 
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Note: 
For determination of moments, transverse forces and deflections of panels with three and four 
supports (and also for panels with profiled faces) calculation formulae are given EN 14509, 
Annex E. In these systems creeping influences not only the deflection but also bending mo-
ment and transverse force. Therefore the stresses in the face sheets and in the core are also 
time-dependent. To consider this the shear modulus GC can be reduced to the notional time-
dependent shear modulus GCt. 
t
C
Ct
G
G
ϕ+
=
1
 (6.13) 
 
7 Design of wall panels for axial and transverse load 
7.1 Preliminary remark 
In EN 14509 [6] no design methods for axially loaded sandwich panels are given. Within the 
framework of work package 3 of the EASIE project design procedures for sandwich panels 
with axial load or a combination of axial and transverse load have been developed. The design 
model is based upon the existing model for sandwich panels subjected to transverse loads 
according to EN 14509. The existing model is extended in a way that consideration of axial 
forces and influences of 2nd order theory is possible. Also the behaviour due to long-term loads 
(creeping of the core material) is considered in this model. To design sandwich panels for axial 
load no additional tests are necessary. 
7.2 Static systems 
The wall panels of frameless buildings are usually single span elements. They have one sup-
port at the connection between wall and foundation and the other one at the connection be-
tween wall and roof. For design purposes both supports can be regarded as hinged. The wall 
panels are loaded by transverse loads as wind and equivalent line loads resulting from geo-
metrical imperfections (initial deflections) and deflections due to temperature differences. Fur-
thermore they are loaded by the axial force, which is introduced from the roof. The axial force 
is usually introduced in one face sheet only. Because of this eccentricity an end moment oc-
curs. Depending on the kind of connection there is an end-moment on both ends of the wall 
panel or only at the upper end, where the wall is connected to the roof. 
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Fig. 7.1: Static system of wall panels 
 
At the lower end the reaction forces are directly transferred to the foundation. At the upper end 
the horizontal reaction forces are introduced into the roof. So the roof panels are loaded by in-
plane shear forces. Through the roof the in-plane shear forces are transferred to the walls, 
which are parallel to the direction of load, and finally they are introduced in the foundation (cf. 
section 9). 
7.3 Loads on wall panels 
Axial loads 
Dead weight loads and snow loads are introduced from the roof into the wall panels as axial 
loads. 
NG  dead weight load (7.1) 
NS  snow load (7.2) 
 
e*
axial load introduced 
from ceiling
transverse load (wind, 
equivalent line load)
eccentricity of axial load 
à end moment N∙e*
N
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Fig. 7.2: Axial load 
 
End moments 
If the axial load is introduced in one face sheet only, additional end-moments occur. 
*eNM G
N
G ⋅=   dead weight load (7.3) 
*eNM S
N
S ⋅=   snow load (7.4) 
with 
e* distance of loaded face from centroid of the wall panel 
 
 
Fig. 7.3: End moment 
 
Transverse loads 
Wind is applied to the panel as a distributed transverse load. 
w  wind load (7.5) 
 
N
N
N
MN = N∙e*
e*
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As geometrical imperfection an initial deflection e0 is assumed. The initial deflection and the 
axial load cause additional bending moments and transverse forces. Therefore the initial de-
flection e0 is considered by equivalent line loads qe0. 
2
0
,0 8 L
e
Nq GGe ⋅⋅=   dead weight load (7.6) 
2
0
,0 8 L
e
Nq SSe ⋅⋅=   snow load (7.7) 
 
Temperature differences between inside and outside cause a deflection wT of the panel. 
8
2
⋅
⋅
⋅∆=
e
L
Tw FT
α
 (7.8) 
Together with the axial force the deflection wT causes bending moments and transverse 
forces. The deflection is considered by equivalent line loads qWT. 
e
TN
L
w
Nq FG
T
GGwT
α
⋅∆⋅=⋅⋅= 2, 8    dead weight load (7.9) 
e
TN
L
w
Nq FS
T
SSwT
α
⋅∆⋅=⋅⋅= 2, 8    snow load (7.10) 
 
In the following figure the loads usually acting on a wall panel of a frameless structure are 
summarised. The both most common static systems are shown. In system (a) at the upper end 
the axial loads are introduced into one face sheet and at the lower end they are introduced into 
both face sheets. In system (b) at both ends the axial loads are introduced into one face sheet 
only. 
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Fig. 7.4: Loads on wall panels 
 
7.4 Deflections 
7.4.1 1st order theory without consideration of creep effects 
The deflections according to 1st order theory without consideration of creep effects are calcu-
lated by the following formulae. 
I
G
I
S
I
T
I
W
I wwwww +++= ∆  (7.11) 
with 
• Deflection due to wind load (W) 
)()( ,, wwwww
I
vW
I
bW
I
W +=  (7.12) 
• Deflection due to temperature difference (ΔT) 
)()()()( ,,,,,,,, GwT
I
vTGwT
I
bTSwT
I
vTSwT
I
bT
I
T qwqwqwqww ∆∆∆∆∆ +++=  (7.13) 
• Deflections due to snow load (S) 
)()()()( ,,,0,,0,
N
S
I
vS
N
S
I
bSSe
I
vSSe
I
bS
I
S MwMwqwqww +++=  (7.14) 
• Deflection due to self-weight load (G) 
)()()()( ,,,0,,0,
N
G
I
vG
N
G
I
bGGe
I
vGGe
I
bG
I
G MwMwqwqww +++=  (7.15) 
initial 
imperfection
e*
w w
NS
NS
NG
NG
MNSMNG
qe0,S
qe0,G
a
initial 
imperfection
e*
w w
NS
NS
NG
NG
MNSMNG
qe0,S
qe0,G
b
MNSMNG
short-term loads long-term loads, t = 2000h long-term loads, t = 100.000h
wT
deflection 
due to ΔT
qwT,S
qwT,G
qwT,S
qwT,G
wT
deflection 
due to ΔT
e0 e0
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The single components of the deflections are calculated by the following formulae: 
• Wind loads (W) 
S
I
bW B
Lwww
4
, 384
5)( ⋅⋅=  (7.16) 
GA
LwwwI vW
2
, 8
1)( ⋅⋅=  (7.17) 
• Snow load and temperature difference 
S
TS
S
SwT
SwT
I
bT B
LwN
B
Lq
qw
24
,
,, 48
5
384
5)(
⋅⋅
⋅=
⋅
⋅=∆  (7.18) 
GA
wN
GA
Lq
qw TSSwTSwT
I
vT
⋅
=
⋅
⋅=∆
2
,
,, 8
1)(  
(7.19) 
• Self-weight load and temperature difference 
S
TG
S
GwT
GwT
I
bT B
LwN
B
Lq
qw
24
,
,, 48
5
384
5)(
⋅⋅
⋅==
⋅
⋅=∆  (7.20) 
GA
wN
GA
Lq
qw TGGwTGwT
I
vT
⋅
=
⋅
⋅=∆
2
,
,, 8
1)(  
(7.21) 
• Snow load and initial deflection 
S
S
S
Se
Se
I
bS B
LeN
B
Lq
qw
2
0
4
,0
,0, 48
5
384
5)(
⋅⋅
⋅=
⋅
⋅=  (7.22) 
GA
eN
GA
Lq
qw SSeSe
I
vS
0
2
,0
,0, 8
1)(
⋅
=
⋅
⋅=  
(7.23) 
• End moment due to snow load 
S
S
S
N
SN
S
I
bS B
LeN
B
LM
Mw
22
,
*
16
1
16
1)(
⋅⋅
⋅=
⋅
⋅=   system (a) (7.24) 
S
S
S
N
SN
S
I
bS B
LeN
B
LM
Mw
22
,
*
8
1
8
1)(
⋅⋅
⋅=
⋅
⋅=   system (b) (7.25) 
0)(, =
N
S
I
vS Mw       system (a) and (b) (7.26) 
• Self-weight load and initial deflection 
S
G
S
Ge
Ge
I
bG B
LeN
B
Lq
qw
2
0
4
,0
,0, 48
5
384
5)(
⋅⋅
⋅=
⋅
⋅=  (7.27) 
GA
eN
GA
Lq
qw GGeGe
I
vG
0
2
,0
,0, 8
1)(
⋅
=
⋅
⋅=  
(7.28) 
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• End moment due to self-weight load 
S
G
S
N
GN
G
I
bG B
LeN
B
LM
Mw
22
,
*
16
1
16
1)(
⋅⋅
⋅=
⋅
⋅=   system (a) (7.29) 
S
G
S
N
GN
G
I
bG B
LeN
B
LM
Mw
22
,
*
8
1
8
1)(
⋅⋅
⋅=
⋅
⋅=   system (b) (7.30) 
0)(, =
N
G
I
vG Mw      system (a) and (b) (7.31) 
 
7.4.2 Effects of 2nd order theory 
The effects of 2nd order theory are considered by the amplification factor α. 
crN
N
−
=
1
1α  
(7.32) 
with 
Elastic buckling load 
GA
N
NN
ki
ki
cr
+
=
1
 
(7.33) 
Bending part of elastic buckling load 
2
2
L
B
N Ski
⋅
=
π
 (7.34) 
Shear part of elastic buckling load 
CC AGGA ⋅=  (7.35) 
 
7.4.3 Creep effects 
Creeping of the core material is considered by creep coefficients φt. For snow loads the creep 
coefficient φ2000 (t = 2000 h) and for permanents actions (self-weight load) φ100.000 (t = 100.000 
h) is used. Creeping causes an increase of the shear deflection wv only. The bending deflec-
tion wb is not influenced by long-term effects. 
7.4.4 Deflection according to 2nd order theory with consideration of creep effects 
To considerate creep effects the shear deflections are multiplied by the corresponding creep 
coefficients. The effects of 2nd order theory are considered by multiplying the total deflection 
(including creep effects) by the amplification factor. 
( ) ( )( ) αϕϕ ⋅+⋅+++⋅+++= ∆ 000.100,,2000,, 11 I vGI bGI vSI bSI TIWIIt wwwwwww  (7.36) 
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7.5 Moments and transverse forces 
7.5.1 1st order theory without consideration of creep effects 
In the following the stress resultants according to 1st order theory are given. Creep effects are 
not considered. 
I
G
I
S
I
T
I
W
I MMMMM +++= ∆  (7.37) 
I
G
I
S
I
T
I
W
I VVVVV +++= ∆  (7.38) 
with 
• Moments and transverse forces due to wind load (W) 
)(wMM IW
I
W =  (7.39) 
)(wVV IW
I
W =  (7.40) 
• Moments and transverse forces due to temperature difference (ΔT) 
)()( ,, GwT
I
TSwT
I
T
I
T qMqMM ∆∆∆ +=  (7.41) 
)()( ,, GwT
I
TSwT
I
T
I
T qVqVV ∆∆∆ +=  (7.42) 
• Moments and transverse forces due to snow loads (S) 
)()( ,0
N
S
I
SSe
I
S
I
S MMqMM +=  (7.43) 
)()( ,0
N
S
I
SSe
I
S
I
S MVqVV +=  (7.44) 
• Moments and transverse forces due to self-weight load (G) 
)()( ,0
N
G
I
GGe
I
G
I
G MMqMM +=  (7.45) 
)()( ,0
N
G
I
GGe
I
G
I
G MVqVV +=  (7.46) 
 
The single components of the bending moments and transverse forces are calculated by the 
following formulae. The distribution of the moments and transverse forces is given in Fig. 7.5. 
In the following the values in mid-span are given. 
• Wind load (W) 
8
)(
2LwwM IW
⋅
=  (7.47) 
2
)( LwwV IW
⋅
=  (7.48) 
• Snow load and temperature difference 
TS
SwT
SwT
I
T wN
Lq
qM ⋅=
⋅
=∆ 8
)(
2
,
,  (7.49) 
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L
wNLqqV TSSwTSwT
I
T
⋅⋅
=
⋅
=∆
4
2
)( ,,  (7.50) 
• Self-weight load and temperature difference 
TG
GwT
GwT
I
T wN
Lq
qM ⋅=
⋅
=∆ 8
)(
2
,
,  (7.51) 
L
wNLqqV TGGwTGwT
I
T
⋅⋅
=
⋅
=∆
4
2
)( ,,  (7.52) 
• Snow load and initial deflection 
0
2
,0
,0 8
)( eN
Lq
qM S
Se
Se
I
S ⋅=
⋅
=  (7.53) 
L
eNLq
qV SSeSe
I
S
0,0
,0
4
2
)(
⋅⋅
=
⋅
=  
(7.54) 
• End moment caused by snow load 
2
*
2
)(
eNMMM S
N
SN
S
I
S
⋅
==   system (a)  
(7.55) 
*)( eNMM S
N
S
I
S ⋅=    system (b) (7.56) 
L
eN
L
MMV S
N
SN
S
I
S
*
)(
⋅
==   system (a) 
(7.57) 
0)( =NS
I
S MV     system (b) (7.58) 
• Self-weight load and initial deflection 
0
2
,0
,0 8
)( eN
Lq
qM G
Ge
Ge
I
G ⋅=
⋅
=  (7.59) 
L
eNLq
qV GGeGe
I
G
0,0
,0
4
2
)(
⋅⋅
=
⋅
=  
(7.60) 
• End moment caused by self-weight load 
2
*
2
)(
eNMMM G
N
GN
G
I
G
⋅
==   system (a) 
(7.61) 
*)( eNMM G
N
G
I
G ⋅=    system (b) (7.62) 
L
eN
L
MMV G
N
GN
G
I
G
*
)(
⋅
==   system (a) 
(7.63) 
0)( =NG
I
G MV     system (b) (7.64) 
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Fig. 7.5: Distribution of moment and transverse force (1st order theory, without creeping) 
 
7.5.2 Effects of 2nd order theory 
The effects of 2nd order theory are considered by the amplification factor α according to formu-
lae (7.32) to (7.35). 
7.5.3 Creep effects 
Creeping of the core material is considered by “sandwich creep coefficients” φSt. For snow 
loads the coefficient φS2000 and for permanents actions (self-weight load) φS100.000 is used. The 
coefficient φSt describes the increase of the deformation of the sandwich part of the cross-
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section and not only the increase of the shear deformation. So these coefficients can be used 
to determine the increase of bending moment and transverse force. 
tSt k
k ϕϕ ⋅
+
=
1  
(7.65) 
∫
∫⋅==
dxMM
dxVV
GA
B
w
wk S
b
v  (7.66) 
The “sandwich factor” k corresponds to the relationship between deflection due to shear and 
deflection due to bending. Unlike the creep coefficient φt the “sandwich creep coefficient” φSt is 
not a material parameter. It also considers the long-term loads acting on the panel. Therefore 
it has to be calculated for each single load case. 
For the typical systems and loads of axially loaded sandwich panels the sandwich factor k is 
calculated by the following formulae. 
System (a): 
0
0
2 5*3
48
ee
e
LGA
B
k S
⋅+⋅
⋅
⋅
⋅
=  (7.67) 
System (b): 
0
0
2 5*6
48
ee
e
LGA
B
k S
⋅+⋅
⋅
⋅
⋅
=  (7.68) 
e0 initial deflection 
e* distance between centroidal axis and face loaded by axial force N 
 
7.5.4 Stress resultants according to 2nd order theory with consideration of creep effects 
To consider creep effects the stress resultants are multiplied by the corresponding sandwich 
creep coefficients φSt. The effects of 2nd order theory are considered by the amplification factor 
α. 
• Moment: 
( ) ( )( ) αϕϕ ⋅+⋅++⋅++= ∆ 000.1002000 11 SIGSISITIWIIt MMMMM  (7.69) 
• Transverse force: 
( ) ( )( ) αϕϕ ⋅+⋅++⋅++= ∆ 000.1002000 11 SIGSISITIWIIt VVVVV  (7.70) 
For design purposes the transverse force is divided into two parts – the first part VstII is caused 
by short-term loads (wind, temperature difference), the second part VltII is caused by long-term 
loads (snow, self-weight). 
( ) α⋅+= ∆ITIWIIst VVV  (7.71) 
( ) ( )( ) αϕϕ ⋅+⋅++⋅= 000.1002000 11 SIGSISIIlt VVV  (7.72) 
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• Normal force: 
GS
III NNNN +==  (7.73) 
 
Note: 
In some applications temperature differences are not caused by climatic effects, e.g. in cooling 
chambers. In these cases bending moments, transverse forces and deflections caused by 
temperature difference must be considered as long-term loads. 
( ) ( )
( ) ( ) αϕ
ϕ
⋅








+⋅+++
++⋅++++
=
∆
∆∆
000.100,,,,
2000,,,,,
1)(
1)(
GwT
I
vT
I
vG
I
bG
SwT
I
vT
I
vS
I
bS
I
bT
I
WII
t qwww
qwwwww
w  (7.74) 
( ) ( ) ( ) ( )( ) αϕϕ ⋅+⋅+++⋅++= ∆∆ 000.100,2000, 1)(1)( SGwTITIGSSwTITISIWIIt qMMqMMMM  (7.75) 
( ) ( ) ( ) ( )( ) αϕϕ ⋅+⋅+++⋅++= ∆∆ 000.100,2000, 1)(1)( SGwTITIGSSwTITISIWIIt qVVqVVVV  (7.76) 
α⋅= IW
II
st VV  (7.77) 
( ) ( ) ( ) ( )( ) αϕϕ ⋅+⋅+++⋅+= ∆∆ 000.100,2000, 1)(1)( SGwTITIGSSwTITISIIlt qVVqVVV  (7.78) 
 
7.6 Stresses in faces and core 
If the moment according to 2nd order theory is known, the normal stresses in the face sheets 
can be calculated. 
121
1
F
II
t
FF
F AD
M
AA
N
⋅
−
+
=σ  (7.79) 
221
2
F
II
t
FF
F AD
M
AA
N
⋅
+
+
=σ  (7.80) 
 
The transverse force causes shear stresses in the core. As the transverse force the shear 
stress is divided in a short-term part τC,st and a long-term part τC,lt. 
C
II
st
stC A
V
=,τ  (7.81) 
C
II
lt
ltC A
V
=,τ
 
(7.82) 
 
7.7 Design calculations 
To design a sandwich panel according to EN 14509 design calculations for the serviceability 
limit state (deflections) and for the ultimate limit state have to be done. For a single span panel 
with axial and transverse load the following design calculations have to be provided. 
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Serviceability limit state 
For the serviceability limit state the deflection is limited. 
ultww ≤  (7.83) 
According to EN 14509 for wall panels 
100
Lwult =  (7.84) 
can be used, if there are not any other values from national standards. 
 
Ultimate limit state 
For the ultimate limit state the stresses in the face sheets and in the core are limited to the 
resistance values (cf. section 5.1). 
• Wrinkling of a face sheet subjected to compression 
dwdF ,, σσ ≤  (7.85) 
• Yielding of a face sheet subjected to tension 
dydF f ,, ≤σ  (7.86) 
• Shear failure of the core 
1
,,
,,
,
,, ≤+
dtCv
dltC
dCv
dstC
ff
ττ
 (7.87) 
 
8 Load application areas of axially loaded sandwich panels 
8.1 Introduction 
In section 7 the global design of axially loaded wall panels was introduced. Additionally the 
load application area, e.g. at the connection between wall and roof or at the lower end of the 
wall, has to be designed. At the load application area the axial load is introduced into the face 
of the panels by contact (Fig. 8.1). 
 
   
Fig. 8.1: Examples of load application areas 
 
roof panel
wall panel
wall panel
roof panel
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The failure mode of the load application area is crippling of the face at the free cut edge (Fig. 
3.8). That is a stability failure mode, which is related to wrinkling of a face in mid-span. The 
ultimate compression stress of the free edge is termed crippling stress σc. Because of the rela-
tion between wrinkling stress and crippling stress the resistance value for the design of the 
load application area is determined based on the wrinkling stress of a face in mid-span. So to 
be able to design the load application area of an axially loaded panel no additional tests have 
to be performed. 
8.2 Loads 
The cut edge of the face is loaded by normal forces, which are introduced into the wall panel. 
At the connection between wall and roof forces are introduced from the roof into the wall. At 
the lower end of the wall forces are introduced from the wall into the foundation. Usually self-
weight loads and snow have to be considered in calculation of the introduced normal com-
pression stress σd. 
 
Fig. 8.2: Normal stress introduced into the wall panel 
 
8.3 Crippling stress 
The resistance value for the design of the load application area is the crippling stress σc. Be-
cause it is related to the wrinkling stress, the basis of the determination of the crippling stress 
is the wrinkling stress σw in mid-span. 
Based on the wrinkling stress the imperfection factor α of the considered panel is calculated. 
The imperfection factor depends on imperfections resulting from the production process as 
well as on the quality of the bond between core and face. As a minimum value α = 0,21 is 
used. 
self weight load, snow load
roof panel
wall 
panel
load application area
σd
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( )
( ) 21,0
11
0
2
≥
−⋅
−−⋅⋅+
=
λλχ
χχλχ
α
ww
wwww  (8.1) 
with 
reduction factor for wrinkling stress: 
Fy
w
w f ,
σ
χ =  (8.2) 
elastic buckling load (wrinkling): 
3
, 9
23
CCF
F
wcr EGEIA
⋅⋅⋅⋅=σ  (8.3) 
slenderness of the face (wrinkling): 
wcr
Fy
w
f
,
,
σ
λ =  (8.4) 
EIF bending stiffness of the face sheet
 
 
7,00 =λ   
 
With the imperfection factor α the crippling stress σc* of the face at the free edge is deter-
mined. This value only considers imperfections, which are available at the free edge as well as 
at mid-span. Further imperfections of the free edge, e.g. contact imperfections, are not consid-
ered. 
Fycc f ,
* ⋅= χσ  (8.5) 
slenderness of the face (crippling): 
wc λλ ⋅= 2  (8.6) 
reduction factor for crippling stress: 
11
22
≤
−+
=
c
c
λφφ
χ  (8.7) 
( )( )2012
1
cc λλλαφ +−⋅+⋅=  (8.8) 
 
To consider further imperfections of the free edge, e.g. uneven cut edges, which can cause 
contact imperfections or small cracks between core and face, an additional reduction of the 
crippling stress has to be taken into account. From the stress σc* the characteristic value of the 
crippling stress is calculated with 
*
, 54,0 ckc σσ ⋅=  (8.9) 
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8.4 Design calculations 
To design the load application area the crippling stress has to be compared to the introduced 
normal compression stress σd. 
dcd ,σσ ≤  (8.10) 
 
9 Transfer of horizontal wind loads and stabilisation of the building 
9.1 Introduction 
In comparison to the bending stiffness the in-plane shear stiffness of sandwich panels is very 
high. Thus, if a frameless building is subjected to horizontal wind loads, walls and roof are 
loaded by in-plane shear forces only. Besides in the directly loaded walls, no bending mo-
ments and transverse forces arise due to a horizontal load. 
Because of the very high in-plane shear stiffness the deformation of in-plane shear loaded 
panels can be neglected; only the flexibility of the connections has to be considered. Also the 
load bearing capacity of in-plane shear loaded sandwich panels is very high. So only the fas-
tenings and not the panels have to be designed for horizontal wind loads. In doing so, the 
forces of the different fastenings have to be determined. The design force of a fastening is 
compared to the design resistance value. 
Rdd VV ≤  (9.1) 
The load of the fastenings depends on their stiffness. So to design a frameless building for the 
transfer of horizontal wind loads knowledge of the stiffness of the fastenings is mandatory. An 
easy method to determine the forces of the fastenings and the displacements of the panels are 
numerical calculations. For some simple applications it is also possible to determine forces 
and displacements by analytical calculations. 
9.2 Basic principles of load transfer 
Horizontal wind loads are introduced into the wall panels of a building as transverse load. 
From the directly loaded wall one part of the horizontal load is transferred directly to the foun-
dation; the other part is transferred to the roof. Through the roof the load is introduced into the 
walls and finally into the foundation. 
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Fig. 9.1: Introduction of horizontal loads into the roof 
 
Depending on the relation of direction of load and span of roof panels the load transfer through 
the roof is different. 
Fig. 9.2 shows the general load transfer through a building, if the roof is loaded by horizontal 
wind loads acting in orthogonal direction of the span of the roof panels. The outer (directly 
loaded) roof panels transfer a part of the load to the wall panels, which support this roof pan-
els. So in these wall panels in-plane shear forces occur. A second part is transferred to the 
adjacent roof panel via the longitudinal joint. The same applies for the following roof panels. In 
the longitudinal joints only forces in transverse direction are transferred. Depending on the 
direction of the wind load we have tension or compression loads in the joints of the roof pan-
els. 
 
 
Fig. 9.2: Transfer of loads through the roof 
 
Fig. 9.3 shows the general load-transfer through a building subjected to horizontal wind loads 
acting parallel to the span of the roof panels. The wind load is transferred through the roof to 
the walls, which are parallel to the direction of the load. In addition forces are introduced into 
shear force introduced 
into wall panels
joint subjected to tension wind suction load
shear force introduced 
in foundation
compressed joint 
wind compression load
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the walls, which are orthogonal to the direction of load. A circumferential shear force occurs, 
which is comparable to the shear forces of shear diaphragms in conventional buildings with a 
substructure. In addition to a displacement in longitudinal direction a rotation of the roof panels 
occurs. So in the longitudinal joints of the roof panels forces in longitudinal as well as in trans-
verse direction have to be transferred. Through the walls the forces are introduced into the 
foundation. 
 
 
Fig. 9.3: Transfer of loads through the roof 
 
In-plane shear forces resulting from horizontal loads are introduced from the roof into the up-
per end of the walls. So also in the wall panels in-plane shear forces occur, which are trans-
ferred to the foundation. If the longitudinal joints of wall panels are not connected, the panels 
are not influenced by adjacent panels; each panel acts as a single element. In this case the 
wall panel is loaded as a lever arm. A horizontal force and a moment have to be transferred by 
the connections between panel and foundation. In the connections forces in longitudinal and in 
transverse direction occur. The longitudinal forces are caused by the moment. 
 
shear force introduced 
in wall panels
joint subjected to shear 
and tension/compression 
wind compression load
wind suction 
load
shear force introduced 
in foundation
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Fig. 9.4: Transfer of in-plane shear loads through a wall panel 
 
If the longitudinal joints of wall panels are connected, the stiffness and also the load-bearing 
capacity increase. The panels do not act as independent single elements, they influence each 
other. Thus the load is not distributed uniformly to all connections. The connections between 
wall and foundation as well as the connections of the joints are loaded by transverse and by 
longitudinal forces. 
9.3 Stiffness of connections 
To determine the forces of the fastenings the stiffness of the different connections has to be 
known. The stiffness of a fastening depends on the kind of fastener as well as on the panel, 
e.g. on the thickness of the face sheets. Especially the geometry of the joints has a wide influ-
ence on the stiffness (and also on the load-bearing capacity) of the fastenings. So the stiffness 
of the fastenings has to be determined for each single case. This should be done by small 
scale tests, e.g. according to [8] and [9]. In addition to the stiffness also the load-bearing ca-
pacity of the fastening can be determined by these tests. For some kinds of fasteners there 
are also calculation procedures available to determine stiffness and load-bearing capacity, e.g. 
[1]. 
With the stiffness of the single fastenings the stiffness of the connection is determined. In do-
ing so it has to be noted that e.g. at the connection between wall and roof the load is trans-
ferred from the roof panel to an angle and subsequently from the angle to the wall panel, i.e. 
F
F
F∙L
L
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one connection consists of two fastenings, which are arranged in series. So the stiffness de-
termined for one fastening has to be divided by two to get the stiffness of a connection consist-
ing of two fastenings and an angle. The angles are assumed to be rigid. If there are several 
connections between the panels - e.g. internal as well as external face sheet are connected - 
the stiffness (and the load-bearing capacity) of these connections has to be added to get the 
resulting stiffness (and load-bearing capacity). In the following figure the determination of the 
stiffness of a connection is shown for some exemplary cases. 
 
 
Fig. 9.5: Determination of stiffness of connections 
 
9.4 Determination of forces by numerical calculation 
Because the panels are assumed to be stiff and only the fastenings are flexible, a numerical 
determination of the forces, the fastenings have to be designed for, is relatively easy. In addi-
tion to the forces of the fastenings also the displacements of the panels can be determined by 
a numerical calculation. In the FE-model the panels are modelled as rigid bodies. E.g. shell 
elements with a comparatively high thickness and a high elastic modulus can be used. The 
connections are represented by longitudinal springs. The stiffness of the springs corresponds 
to the stiffness of the connections. If one connection consists of several fastenings, the stiff-
ness is determined as shown above. 
Through the connections of the longitudinal joints and through the connections between wall 
and foundation forces in longitudinal as well as in transverse direction of the panel are trans-
ferred. To represent these connections in the FE-model two springs should be used – one 
spring acts in longitudinal the other one in transverse direction (Fig. 9.6). The resulting shear 
force of a fastening is calculated by vectorial addition of the longitudinal force Vy and the 
transverse force Vx. 
( ) ( )22 yx VVV +=  (9.2) 
 
stiffness of one 
fastening kv
stiffness of the 
connection kv/2
stiffness of connection 
between wall and roof 
kC=2∙kv/2 [kN/mm]
stiffness of one 
fastening kv
stiffness of connection 
between wall and roof 
kC=kv/2 [kN/mm]
stiffness of one 
fastening kv
stiffness of the 
connection 
kC=2∙kv
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Fig. 9.6: Connection of joint and connection to foundation in the FE- model 
 
Exemplarily the FE-models of a roof and a wall are presented in the following figures. In the 
figures the panels, the supports and the load are shown. The springs between adjacent panels 
and between panel and supports are not displayed. 
 
 
Fig. 9.7: FE-model of a roof 
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Fig. 9.8: FE-model of a wall 
 
9.5 Analytical determination of forces 
9.5.1 Basics 
For simple applications the distribution of forces to the different fastenings and the displace-
ment of the panels can also be determined analytically. 
To simplify the calculation procedures the forces of the connections are smeared over the 
width B or over the length L of the panel. The stiffness of the longitudinal springs is trans-
formed into a stiffness per unit length [N/mm2]. For the connection between wall and roof the 
stiffness is 
B
nkk CWt ⋅=   at the transverse edge of the panel (9.3) 
L
nkk CWl ⋅=   at the longitudinal edge of the panel (9.4) 
with 
kC stiffness of one connection 
B/n distance between connections at a transverse edge 
L/n distance between connections at a longitudinal edge 
For the connections of longitudinal joints the stiffness is 
L
nkk CJ ⋅=  (9.5) 
With 
kC stiffness of one connection 
L/n distance between connections at a longitudinal joint 
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For the connections between wall and foundation the stiffness is 
B
nkk CW ⋅=  (9.6) 
with 
kC stiffness of one connection 
B/n distance between connections at a longitudinal joint 
 
9.5.2 Roofs with load in transverse direction of the panels 
If the horizontal wind load acts in orthogonal direction to the span of the panel, only forces in 
transverse direction occur. For analytical determination of forces and displacements only the 
connections in transverse direction are considered. Fig. 9.9 shows the resulting model. The 
wind load is introduced in both outer panels of the roof. So we have a line load w1 introduced 
in panel 1, and a line load wn introduced in panel n. At the transverse edges of the panels 
there are longitudinal springs with stiffness kWt. Between adjacent panels there are longitudinal 
springs with stiffness kJ. 
 
 
Fig. 9.9: Model of a roof for analytical calculation 
 
At each panel i a displacement vx,i in transverse direction occurs. By multiplication of the dis-
placement and the stiffness of the connections the forces acting on the panels are calculated 
(Fig. 9.10). 
Connection between wall and roof: 
BkvF WtixiW ⋅⋅= ,,  (9.7) 
panel ipanel 1
w1
panel n
wn
kWt
…. ….
kJ
kJ
kJ
kJ
vx,1 vx,i vx,n
kWt kWt kWt
kWt kWt
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Longitudinal joint between panels i and i-1: 
( ) LkvvF JixixliJ ⋅⋅−= − ,1,,,  (9.8) 
Longitudinal joint between panels i and i+1: 
( ) LkvvF JixixriJ ⋅⋅−= + ,1,,,  (9.9) 
At the outer panels the external force has to be considered, i.e. at panel 1 
LwF ⋅= 11  (9.10) 
and at panel n 
LwF nn ⋅=  (9.11) 
 
 
Fig. 9.10: Forces acting on the panels of a roof 
 
Equilibrium of forces for panel i results in the following equation. 
( ) ( ) 02 ,,1,,1, =+⋅⋅⋅−⋅⋅−+⋅⋅− +− iWtixrJixixlJixix FLkvLkvvLkvv  (9.12) 
01,.,1, =+⋅+⋅+⋅ +− iixiixiixi FvCvBvA  (9.13) 
with 
LkA lJi ⋅=  (9.14) 
( )BkLkLkB WtrJlJi ⋅⋅+⋅+⋅−= 2  (9.15) 
LkC rJi ⋅=  (9.16) 
Fi external load according to (9.10) and (9.11) 
 
This equation is set up for each panel. So for n panels we get a linear equation system con-
sisting of n equations. Solving the equation system results in the displacement vx,i of each 
panel. 
vx,i∙kWt∙B
panel i
vx,i∙kWt∙B
(vx,i-1-vx,i)∙kJ∙L
(vx,i+1-vx,i)∙kJ∙L…..…..(vx,2-vx,1)∙kJ∙Lpanel 1
F1 = w1∙L
(vx,n-1-vx,n)∙kJ∙L
panel n Fn = wn∙L
vx,n∙kWt∙B
vx,n∙kWt∙B
vx,1∙kWt∙B
vx,1∙kWt∙B
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If the displacements are known the forces acting on a connection can be calculated by the 
following formulae. 
Connection between wall and roof: 
n
BkvV Wtix ⋅⋅= ,  (9.17) 
Connection of longitudinal joints: 
n
LkvV Jix ⋅⋅∆= ,  (9.18) 



−
−
=∆
+
−
ixix
ixix
ix vv
vv
v
,1,
,1,
,  (9.19) 
 
9.5.3 Roof panels with load in longitudinal direction 
The wind loads acting on both ends of the roof (in general wind suction and wind compression 
load) are added to a resulting load w. 
CS www +=  (9.20) 
wS wind suction load 
wC wind compression load 
 
Fig. 9.11 shows the longitudinal forces, which act on the panels of a roof. These forces are 
determined by equilibrium of forces. The forces, which are introduced in the walls being paral-
lel to the direction of load, are. 
BwnVV SWrn
l ⋅⋅=−=
21  
(9.21) 
with 
nSW number of sandwich panels 
B width of a panel 
 
The longitudinal forces, which are transferred by the connections of a joint, are determined by 
equalisation of forces for each panel. 
BwVV li
r
i ⋅−=  (9.22) 
r
i
l
i VV 1−=
 
(9.23) 
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Fig. 9.11: Forces acting in longitudinal direction of the panels 
 
In Fig. 9.12 the displacements und the transverse forces, which result from the rotation φi of a 
panel, are shown. The forces are determined by multiplying the displacement by the stiffness 
of the connection. For the connections at the longitudinal joints the difference of the displace-
ments of adjacent panels has to be used. 
 
φi [rad]
x
y
vx,i
vy,i
φi
x
y
kWt∙φi∙L/2
kwt∙φi∙L/2
kJ∙(φi-φi+1)∙L/2kJ∙(φi-φi-1)∙L/2
B
L
φi∙L/2
φi∙B/2
displacements forces  
Fig. 9.12: Displacements and transverse forces caused by rotation φi 
 
In Fig. 9.13 the forces resulting from the smeared forces given in Fig. 9.12 are shown. In addi-
tion the external wind load and the longitudinal forces, which can be determined from equilib-
rium of forces, are shown. 
 
w∙B w∙B w∙B
panel 1 panel 2 panel nV1l
V1r
V2l
V2r
Vnl
…..
Vnr
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Fig. 9.13: Resulting forces of panel i 
 
With this forces the equilibrium of moments (with reference to the centre of the panel) for panel 
i is 
( ) ( ) ( ) 0
223
2
83
2
8
2
1
2
1 =⋅++⋅⋅⋅⋅−⋅⋅−⋅−⋅⋅−⋅− +−
BVVLLBkLLkLLk ri
l
iiWtii
r
Jii
l
J ϕϕϕϕϕ  (9.24) 
iiiiiii DCBA =⋅+⋅+⋅ +− 11 ϕϕϕ  (9.25) 
with 
12
3LkA
l
J
i
⋅
−=  
(9.26) 
12212
323 LkLBkLkB
r
JWt
l
J
i
⋅
+
⋅⋅
+
⋅
=  
(9.27) 
12
3LkC
r
J
i
⋅
−=  
(9.28) 
( )
2
BVVD ri
l
ii ⋅+=
 
(9.29) 
 
So we get a linear equation system consisting of n equations. The solution of the equation 
system is the n unknown rotations φi. 
φi
x
y
w∙B
VirVi
l
kWt∙φi∙L/2∙B
kJr∙(φi-φi+1)∙L2/8
2/
3L
kJl∙(φi-1-φi)∙L2/8
kWt∙φi∙L/2∙B
kJl∙(φi-1-φi)∙L2/8 kJr∙(φi-φi+1)∙L2/8
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If the rotations are known the forces of the connections can be determined. 
Connections at transverse edges: 
n
BLkV iWt ⋅⋅⋅= 2
ϕ
 
(9.30) 
B/n distance between connections at the transverse edge of a panel 
 
Connections at longitudinal edges (connection between roof and wall): 
n
V
V
l
1=
 
(9.31) 
or  
n
V
V
r
n=
 
(9.32) 
n number of connections at the longitudinal edge of a panel 
 
Connections at longitudinal joints: 
Transverse direction (force of highest loaded connection at y = ±L/2): 
( )
n
LLkV iiJx ⋅⋅−⋅= − 21
ϕϕ
 
(9.33) 
or  
( )
n
LLkV iiJx ⋅⋅−⋅= + 21
ϕϕ
 
(9.34) 
L/n distance between connections of a joint 
Longitudinal direction: 
n
V
V
l
i
y =
 
(9.35) 
or  
n
V
V
r
i
y =
 
(9.36) 
n number of connections of a joint 
Resulting force: 
( ) ( )22 yx VVV +=
 
(9.37) 
 
Also the global displacement of the panels can be calculated analytically. In doing so, the lon-
gitudinal displacement of each panel relative to the adjacent panel has to be determined. Sub-
sequently, the global displacement of a panel is determined by summation of the single rela-
tive displacements over the roof, starting at one of the outer panels. The highest global dis-
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placement occurs at the inner panel of a roof. In the following it is assumed that the summa-
tion starts at panel 1, which is located at the left edge of the roof. 
The displacement in longitudinal direction of a panel consists of two parts. The first part results 
directly from the longitudinal forces in the joints or for the outer panels from the force of the 
connection between roof and wall (formulae (9.21) to (9.23)). The second part results from the 
rotation of the panel, which causes an additional displacement in longitudinal direction. 
The displacement resulting from the longitudinal forces is calculated by the following formulae. 
It refers to the adjacent panel or for the outer panels to the wall. 
Displacement vy,1,v of the outer panel of a roof: 
Wl
l
vy kL
Vv
⋅
= 1,1,
 
(9.38) 
Displacement vy,i/i-1,v of a panel i relative to panel i-1: 
J
l
i
viiy kL
Vv
⋅
=− ,1/,
 
(9.39) 
 
 
Fig. 9.14: Displacements of panels resulting from forces acting in longitudinal direction 
 
The displacement caused by the rotation of the panel is 
iiy Bv ϕϕ ⋅=,,
 
(9.40) 
 
panel 1
vy,1,v
vy,2/1,v vy,3/2,v
panel 2
panel 3
vy,1,v+v,y2/1,v+vy,3/2,v
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Fig. 9.15: Displacements of panels resulting from rotation 
 
The global displacement of a panel j is determined by summation of the displacements vy,i,v 
and vy,i,φ over the panels, starting at panel 1. 
∑∑
==
⋅+
⋅
+
⋅
=
j
i
i
j
i J
l
i
Wl
l
jy BkL
V
kL
Vv
12
1
, ϕ
 
(9.41) 
 
9.5.4 Wall panels without connections of the joints 
To transfer horizontal wind loads for wall panels a connection of the longitudinal joints is not 
necessarily required. In this case the panels are not influenced by adjacent panels; each panel 
acts as a single element. An analytical determination of forces and displacements is possible. 
If the longitudinal joints of wall panels are connected, also for simple configurations an analyti-
cal determination of forces and displacements is not reasonable. For all panels displacement 
and rotation as well as the centre of rotation are unknown. To determine them no set of linear 
equations is available. Therefore design should be done by numerical calculations. 
If the joints are not connected the panel is loaded as a lever arm. A horizontal force and a 
moment have to be transferred by the connections between panel and foundation. So these 
connections are loaded by transverse forces and by a couple of longitudinal forces, which 
counteracts the moment resulting from the introduced force and the lever arm. Fig. 9.16 shows 
the forces for a panel with two connections to the foundation. 
 
φi
φi∙B/2
φi∙B
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Fig. 9.16: Forces at an in-plane shear loaded wall panel 
 
If there are more than two connections, the highest longitudinal force occurs at the outer con-
nection. This force is determined by the following equation. 
......
2
2
2
1 +++
⋅
=
c
c
c
cc
LFVy
 (9.42) 
with 
ci distance between pair of connections 
c distance between outer connections 
 
 
Fig. 9.17: Longitudinal forces resulting from a moment 
 
The horizontal force is distributed constantly to the connections of the edge. So for one con-
nection we get the following horizontal force 
F
L
c
F/2
FL/chorizontal 
direction
vertical 
direction
c
c1
c2
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n
FVx =
 
(9.43) 
n number of connections at the edge 
The resulting force of a connection is determined by vectorial addition 
( ) ( )22 yx VVV +=
 
(9.44) 
 
The horizontal force causes a displacement vx of the panel. The moment leads to a rotation φ 
around the centre of the lower transverse edge. To determine the displacements smeared 
connections with a continuous stiffness kW (formula (8.6)) are used. 
 
 
Fig. 9.18: Displacement and rotation of a wall panel 
 
The rotation of the panel is  
WkB
LF
⋅
⋅⋅
= 3
12ϕ
 
(9.45) 
 
The displacement in transverse direction of the panel is  
L
kB
Fv
W
x ⋅+⋅
= ϕ
 
(9.46) 
This displacement occurs at the upper and of the panel. 
 
 
F
φ
vx
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10 Summary 
Sandwich panels are traditionally used as covering and isolating components. A new applica-
tion is to use sandwich panels in frameless structures, i.e. the panels are applied without any 
load transferring substructure. In this new type of application in addition to space enclosure, 
the sandwich panels have to transfer loads and to stabilise the building. The wall panels have 
to transfer normal forces arising from the superimposed load from overlying roof or ceiling 
panels. Furthermore horizontal wind loads have to be transferred to the foundation and the 
building has to be stabilised. 
In the guideline at hand calculation procedures and design methods for sandwich panels of 
frameless structures are introduced. Calculation examples can be found in Deliverable D3.5 
[5]. 
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